A method to directly determine the Wilson coefficients for rare b → s transitions using B 0 → K * 0 µ + µ − decays in an unbinned maximum likelihood fit is presented. The method has several advantages compared to the conventional determination of the Wilson coefficients from angular observables that are determined in bins of q 2 , the square of the mass of the dimuon system. The method uses all experimental information in a more efficient way and automatically accounts for experimental correlations. Performing pseudoexperiments, we show the improved sensitivity of the proposed method for the Wilson coefficients. We also demonstrate that it will be possible to use the method with the combined Run 1 and 2 data sample taken by the LHCb experiment. 
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Introduction
deviations in the angular observables can be interpreted as signs of NP, most notably new heavy Z gauge bosons [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] or leptoquarks [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . However, the B 0 → K * 0 µ + µ − angular observables can also be affected by contributions from SM cc-loop processes [62] [63] [64] [65] , which are part of the Λ QCD /m b corrections. A large effort from both theory and experiment is currently ongoing to disentangle these effects. A more efficient method to exploit the experimental information on semileptonic rare b → s decays is therefore highly desirable.
We propose a new approach to the determination of the Wilson coefficients using B 0 → K * 0 µ + µ − decays. The proposed method uses all available experimental data, the decay angles, q 2 , and the B 0 decay flavour to determine the Wilson coefficients in a q 2 -unbinned maximum likelihood fit. Furthermore, the invariant mass of the K + π − system is included to improve the control of contributions by the S-wave, where K + and π − are in a state of relative angular momentum zero. Unlike previous q 2 -unbinned approaches that fit a parameterisation of the K * 0 spin amplitudes [7, [66] [67] [68] , we propose to instead fit the Wilson coefficients and nuisance parameters directly. The decay B 0 → K * 0 µ + µ − can be described using QCD factorisation at low q 2 [69] and an operator product expansion in 1/m b at high q 2 [70] . Several open-source software packages implement these calculations and provide the four-differential decay rate d 4 Γ(B 0 → K * 0 µ + µ − )/ dcosθ l dcosθ K dφ dq 2 [24, [71] [72] [73] [74] [75] [76] . We extend both the EOS software [24, 71, 72] and SuperIso [73] [74] [75] to include the S-wave contribution resulting in the five-differential decay rate d 5 Γ(B 0 → K * 0 µ + µ − )/ dcosθ l dcosθ K dφ dq 2 dm 2 Kπ we use as probability density function. In the following we will use SuperIso for the generation of pseudoexperiments and EOS for their fit.
The proposed method has several advantages over the conventional method of first determining angular observables in bins of q 2 and then performing the determination of the Wilson coefficients in a second step:
1. The direct fit uses all available experimental information resulting in a more efficient exploitation of the available data and a more precise determination of the Wilson coefficients. This leads to higher sensitivity to possible NP contributions.
2. The full statistics of the data is available in a single fit which leads to improved fit stability and reduces the potential need to perform computationally expensive coverage correction.
3. Theory nuisance parameters, in particular form factor parameters that require non-perturbative calculation, can be better constrained using the full information on q 2 .
4. Finally, experimental correlations, including possible non-linear correlations, are automatically accounted for.
The paper is structured as follows: In Sec. 2 we introduce the four-differential decay rate of the decay B 0 → K * 0 µ + µ − and expand it to include the mass of the K + π − system to constrain contributions from the S-wave. Section 3 describes the proposed procedure to determine the Wilson coefficients from a direct fit of B 0 → K * 0 µ + µ − decays without binning in q 2 . Section 4 details the validation of the procedure and the evaluation of its performance using pseudoexperiments. In Sec. 5 we conclude.
2 The decay B 0 → K * 0 µ + µ −
Four-differential decay rate
The four-differential decay rates for the rare decay B 0 → K * 0 µ + µ − and its conjugate B 0 → K * 0 µ + µ − are given by
where I i (q 2 ) andĪ i (q 2 ) denote the q 2 -dependent angular observables given by bilinear combinations of K * 0 spin amplitudes [77, 78] . Both I i (q 2 ) and the angular terms f i (cos θ l , cos θ K , φ) are given in Tab. 1. The conventional approach of angular analysis relies on integration of I i (q 2 ) over a q 2 bin q 2 min < q 2 < q 2 max and determination of the angular observables 
where the CP -averaged (CP -violating) angular observables S i (A i ) have been defined according to Ref. [78] . Neglecting lepton mass effects the CP -averaged S i reduce to the longitudinal polarisation fraction F L = S 1c , the forward-backward asymmetry A FB = 3 4 S 6s and the remaining S 3,4,5,7,8,9 . Additional ratios of S i have been proposed as observables, for which form factor uncertainties cancel at leading order [79, 80] . Examples are Table 1 : Dependence of the angular observables I i (q 2 ) on the transversity amplitudes A L,R 0, ,⊥ and the corresponding angular terms f i (cos θ l , cos θ K , φ). The angular observables I i (q 2 ) are given by complex conjugation of all weak phases A →Ā.
In this work, we use the q 2 -dependent amplitudes A L,R 0, ,⊥,t that are given by
where N denotes a normalisation factor given by
and λ is given by λ = m 4 B + m 4 [78] . The symbols A 0,1,2 (q 2 ), V (q 2 ) and T 1,2,3 (q 2 ) denote the q 2 -dependent hadronic form factors.
The form factors require non-perturbative calculations and are determined using light cone sum rules (LCSR) [11, 81, 82] or lattice calculations [12, 13] . This paper uses the full form factor approach with the results from Ref.
[11] for the decay B 0 → K * 0 µ + µ − , determined from a combination from LCSR [11] and lattice calculations [12, 13] . We also include the correlations between the form factor parameters.
S-wave contribution
Besides contributions to the final state B 0 → K + π − µ + µ − from the decay of the vectormeson K * 0 (P-wave) the K + π − system in the final state can also be in an S-wave configuration that can originate either from a non-resonant decay or from the decay of scalar resonances. This results in two additional complex amplitudes A L,R S0,St that contribute to the decay and that affect the distributions in the decay angles and q 2 . As a result, the four-differential decay rate in Eq. 1 needs to be modified according to
where the I 10−17 (q 2 ) are again given in Tab. 1 and the four-differential decay rate for the process B 0 → K + π − µ + µ − is given by the replacements I i (q 2 ) →Ī i (q 2 ). The fraction of S-wave is denoted by F S , which is defined as
The S-wave amplitudes are given by [83, 84] A L(R)
where N 0 denotes a normalisation factor given by
The symbols f + (q 2 ), f T (q 2 ) and f 0 (q 2 ) denote the q 2 -dependent hadronic form factors. In the large energy limit they reduce to a single soft form factor ξ ( [84] we use the soft form factor approach with ξ (q 2 ) = 0.22 ± 0.03 for the S-wave contribution.
m Kπ distribution
To statistically separate the contributions of the S-wave from the P-wave, the mass of the K + π − system is extremely valuable. The K + π − mass is included following Refs. [83, 84] . The different amplitudes are affected as follows: 
(m 2 Kπ )) when varying g κ and the relative phase between P-wave and S-wave as discussed in the text.
where the m Kπ dependent terms are given by
and the normalisation factor N m is determined by the normalisation condition [85] . For simplicity, the masses and widths of the K * 0 and κ will be fixed to their central values in the following. The complex coefficient g κ determines the relative magnitude and phase of the two contributions. We allow this parameter to vary in the range 0 < |g κ | < 0.2, following Ref. [83] , and 0 < arg(g κ ) < 2π. Figure 1 gives the resulting m Kπ distribution of the P-wave and S-wave contributions in the SM, as well as their interference depending on the parameter g κ . Good separation between the P-wave and S-wave component is observed.
The five differential decay rate
Kπ including both the P-wave and the S-wave contributions is given by Eq. 4 when including the m Kπ dependence for the decay amplitudes A L,R 0, ,⊥,t and A L,R S0,St as detailed in Eq. 6. For illustration, projections of the differential branching fraction on q 2 , the decay angles, and m 2 Kπ are given in Fig. 2 for low q 2 and in Fig. 3 for high q 2 . Figure 2: Differential B 0 → K * 0 µ + µ − branching fraction depending on q 2 , the three decay angles cos θ l , cos θ K and φ and m 2 Kπ in the q 2 range 0.1 < q 2 < 8.0 GeV 2 /c 4 . The blue solid line denotes the full P+S-wave prediction, the blue dashed line the P-wave component, the teal dotted line the S-wave component and the magenta dash-dotted line the P-wave/S-wave interference. Both the S-wave component and the interference are scaled by a factor 10 to improve readability. Figure 3: Differential B 0 → K * 0 µ + µ − branching fraction depending on q 2 , the three decay angles cos θ l , cos θ K and φ and m 2 Kπ in the q 2 range 15.0 < q 2 < 19.0 GeV 2 /c 4 . The blue solid line denotes the full P+S-wave prediction, the blue dashed line the P-wave component, the teal dotted line the S-wave component and the magenta dash-dotted line the P-wave/S-wave interference. Both the S-wave component as well as the interference are scaled by a factor 10 to improve readability. The q 2 distribution is only given for illustration, since the prediction relies on integration over a large q 2 range and does not predict any of the present and seen charmonium structures in this q 2 region.
Direct determination of Wilson coefficients

Detailed description of the method
An unbinned maximum likelihood fit is performed to determine the Wilson coefficients, using as input the three decay angles, q 2 , m Kπ and the reconstructed B 0 mass, as well as the B 0 decay flavour determined by the kaon charge. As probability density function (PDF) for the signal decay B 0 → K + π − µ + µ − , Eq. 4 is used after including the m Kπ dependence according to Eq. 6. The normalised signal PDF in the low q 2 region 0.1 < q 2 < 8.0 GeV 2 /c 4 is then given by
where λ denotes the nuisance parameters, including the form factor parameters and parameters describing subleading corrections, as well as quark masses, CKM parameters and S-wave parameters that will be discussed in detail in Sec. 3.2. Where constraints from theory on the nuisance parameters are available, they are included in the fit using Gaussian constraints. The signal PDF is implemented using the EOS [24, 71, 72] and SuperIso [73] [74] [75] software packages that are extended to include the S-wave contribution.
Since the operator product expansion at low recoil relies on quark hadron duality it is only valid when integrating over a large q 2 range. For the high q 2 region 15 < q 2 < 19 GeV 2 /c 4 we therefore use the q 2 -binned prediction in the fit. The low and high q 2 regions are fitted simultaneously using an extended unbinned maximum likelihood fit. The signal yields at low and high q 2 can be used to constrain the branching fraction of the decay, however in this paper we concentrate on the differential distribution and do not relate the determined yields to the total branching fraction. We use the Minuit minimiser to determine the Wilson coefficients and the nuisance parameters. The Hesse algorithm is used for the determination of the covariance matrix.
Theory nuisance parameters
The theory nuisance parameters are summarised in Tab. 2. The central values for the CKM parameters used in the generation of the pseudoexperiments are taken from Ref. [86] . In the fit we allow their variation inside ±3σ with σ denoting their uncertainty. Their uncertainties are furthermore included as Gaussian constraints in the fit.
The mass parameters m c and m b are also allowed to vary ±3σ around their central values [87] . The uncertainties are also included as Gaussian constraints in the fit. For simplicity the top mass m t and the scale µ = 4.2 GeV are fixed.
For the form factor parameters we use the results from the combined fit to lattice and LCSR calculations from Refs. [11] [12] [13] . The central values of the form factor parameters are given in Tab. 2. For the uncertainties we use the full covariance matrix reported in Ref.
[11] and include it in the fit using a multivariate Gaussian constraint.
For the S-wave contribution the soft form factor ξ (q 2 ) = 0.22 ± 0.03 from Ref. [84] is used. In the fit we apply a scale factor S(ξ ) to the central value and include the relative uncertainty as Gaussian constraint. Further nuisances concerning the S-wave contribution are the fraction and relative phase of the κ which are allowed to float as discussed in Sec. 2.3. Finally, the S-wave contribution is allowed an overall relative phase δ S with respect to the P-wave that is unconstrained in the fit.
With respect to the non-factorisable subleading Λ QCD /m b corrections at low q 2 we follow Refs. [14, 26] and include them as multiplicative factors 1 + a i + b i (q 2 /6 GeV 2 ) with i = 0, , ⊥ and a i , b i ∈ C to the corresponding hadronic terms. At high q 2 we multiply the full transversity amplitudes with the factor (1 + c i ) with c i ∈ C. For the subleading corrections we use Gaussian constraints of ±0.1 around zero for the real and imaginary parts of a i and c i . The real and imaginary parts of b i use Gaussian constraints of ±0.25 around zero. We note that the size of these Gaussian constraints are currently assumptions. Larger values of the (non-factorisable) power corrections cannot be ruled out at present, however a new approach using analyticity properties of the physical amplitudes may allow for real estimates of such contributions [88] . Such a parameterisation of the power corrections based on analyticity methods can also be implemented in the direct fit approach, which should be explored in future work. To separate the signal from the background contribution, which is predominantly combinatorial in nature, the reconstructed B 0 mass is used:
Mass distributions and backgrounds
The m Kπµµ distribution of the signal is modeled using a double Crystal Ball shape, as published in Ref. [7] . The signal mass parameters are fixed in the fit, as is also the case in Ref. [7] . The combinatorial background is modelled using an Exponential function, the slope is allowed to vary in the fit. The angular and m 2 Kπ and q 2 distributions of the background are generated flat in our pseudoexperiments. In the fit the distributions are modeled using first order polynomials. For simplicity, the background distributions are assumed to factorise. It should be noted that instead of parameterising the background contribution, it is also possible to statistically subtract it using the sPlot technique [89] . 
Parameter Value
Form factor parameters
3.82 ± 2.20 Table 2 : Nuisance parameters from theory used in the pseudoexperiments. The given uncertainties indicate the Gaussian constraints used in the fit. The form factor parameters are constrained in the fit using the full covariance matrix reported in Ref.
[11].
Detector effects
The reconstruction and selection of the signal decay B 0 → K * 0 µ + µ − leads to a distortion of the angular distribution, as well as q 2 and potentially also m Kπ . This acceptance effect can be accounted for in the signal PDF using the efficiency ( Ω, q 2 , m 2 Kπ ), resulting in
where the angular integration results in the q 2 and m Kπ dependent terms ξ i (q 2 , m 2 Kπ ). The efficiency ( Ω, q 2 , m 2 Kπ ) can be parameterised using the Legendre polynomial technique used in Ref. [7] , the multiplicative factor in the numerator can be neglected in the minimisation of the negative logarithmic likelihood. For simplicity, all pseudoexperiments in this paper are performed with flat acceptance.
It should be noted that, in principle, the probability density function given in Eq. 8 needs to be convoluted with the detector resolution in the decay angles, as well as q 2 and m Kπ . The variation of the probability density function with the decay angles is very slow compared to the angular resolution, and angular resolution effects are thus neglected. The natural width of the K * 0 is large compared to the experimental resolution and therefore the resolution in m Kπ is neglected as well. To study the effect of the resolution in q 2 we perform pseudoexperiments in which we smear the generated q 2 -value with the dimuon mass resolution at LHCb published in Ref. [20] . The pseudoexperiments are then fitted neglecting the q 2 -resolution. We find no significant change in sensitivity or bias in the observables and thus neglect the resolution in q 2 in the following.
Validation and performance determination 4.1 Pseudoexperiments
To validate the proposed method and to evaluate its sensitivity to the Wilson coefficients and nuisance parameters we perform pseudoexperiments. To this end, ensembles of 500 simulated samples are generated using an accept/reject method and then fitted. For the validation of the method, the pull distributions are of central importance. For a parameter x, the pull of pseudoexperiment i is calculated according to
The pull distributions are expected to be compatible with Gaussians centered around zero with a width of one if the fit is unbiased and the uncertainties are evaluated correctly. The sensitivity of the method for a certain observable is taken from the width of the distribution of fit values, it corresponds to the expected fit uncertainty on the parameter.
Each simulated sample contains 9.6 k signal candidates which is four times the size of the Run 1 data sample. This choice corresponds to the expected signal yield at LHCb after Run 2. The background is modeled as described in Sec. 3.3, the signal fraction integrated over q 2 and in the 5170 < m Kπµµ < 5700 MeV/c 2 mass range is given by f sig = 0.6. The SM values of the Wilson coefficients are used in the generation of the pseudoexperiments. An overview of the nuisance parameters from theory used in the generation is given in Tab. 2. While the central values for the nuisance parameters are used in the generation, in the subsequent fit these parameters are allowed to float.
Fits of a single pseudoexperiment
Results for the fit of a single pseudoexperiment, determining the Wilson coefficients Re(C 7 ) and Re(C 9 ) while fixing Re(C 10 ), are given in Tab. 4 in App. A. Projections of the fitted PDF on q 2 , the decay angles and m Kπ are given in Figs. 4 and 5. Good agreement between simulated events and the PDF projections is observed. In Fig. 6a we show the confidence regions for the two Wilson coefficients resulting from the profile likelihood. The solid, dashed and dotted lines correspond to the 68.3%, 90% and 95% confidence regions, respectively. The SM values for the Wilson coefficients used in the generation are indicated by the dash-dotted grey lines. They lie within the the 1 σ confidence region. Furthermore, we perform a fit of Re(C 9 ) and Re(C 10 ) while fixing Re(C 7 ). The results are given in Tab. 4 and the fit projections are shown in Figs. 7 and 8 in App. B. The confidence regions for the Wilson coefficients are shown in Fig. 6b . In summary, a good behaviour of the direct fit method is observed for a single pseudoexperiment. To get a quantitative estimate of the performance of the method and to validate it, it is however necessary to study the full ensemble of pseudoexperiments, as detailed in Sec. 4.3 below.
Sensitivity on Wilson coefficients and nuisance parameters
To validate the direct fit method and estimate its performance the pseudoexperiments are fit using several different configurations for the Wilson coefficients. First, fits of single Wilson coefficients are performed, while all other Wilson coefficients are fixed to their SM values. Detailed results for fits of Re(C 7 ), Re(C 9 ) and Re(C 10 ) are given in Tab. 5-7 in App. C, where background parameters are omitted for brevity. The first column of the tables gives the sensitivity to the parameters, determined from the width of the distribution of fitted parameter values. The uncertainty on the given sensitivity is the statistical error due to the limited number of pseudoexperiments. Furthermore, the mean values and widths of the pull distributions are given for every parameter. The physics parameters have pull distributions that are centered around zero with a width of one. The direct fit method is thus unbiased and the parameter uncertainties are correctly estimated. The nuisance parameters are also determined without bias and with correct uncertainties, with the exceptions of the two S-wave parameters |g κ | and arg(g κ ). These parameters show non-Gaussian behaviour due to the small size of the S-wave contribution, however this does not negatively affect the other parameters. The sensitivities to the Wilson coefficients are, as summarised in Tab. 3a, σ Re(C 7 ) = 0.0139 ± 0.0004, σ Re(C 9 ) = 0.1534 ± 0.0049 and σ Re(C 10 ) = 0.1833 ± 0.0058.
Furthermore, it is instructive to see how well the direct method performs when separating contributions from different Wilson coefficients. We therefore perform studies and Re(C 9 ). Simulated events are overlaid with projections of the fitted PDF on q 2 , the three decay angles cos θ l , cos θ K and φ and m 2 Kπ in the q 2 range 0.1 < q 2 < 8.0 GeV 2 /c 4 . The simulated events and projections are shown for the signal region ±50 MeV/c 2 around the B 0 mass to enhance the signal fraction. The black solid line denotes the full PDF, the blue solid line the signal component. The blue dashed line gives the P-wave and the teal dotted line the S-wave part. The magenta dashdotted line finally gives the P-wave/S-wave interference and the red line the background contribution. and Re(C 9 ). Simulated events are overlaid with projections of the fitted PDF on q 2 , the three decay angles cos θ l , cos θ K and φ and m 2 Kπ in the q 2 range 15.0 < q 2 < 19.0 GeV 2 /c 4 . The simulated events and projections are shown for the signal region ±50 MeV/c 2 around the B 0 mass to enhance the signal fraction. The black solid line denotes the full PDF, the blue solid line the signal component. The blue dashed line gives the P-wave and the teal dotted line the S-wave part. The magenta dash-dotted line finally gives the P-wave/S-wave interference and the red line the background contribution. We note again that the q 2 distribution in the high q 2 region is only shown for illustration, as it is not used in the direct fit method.
Re(C and Re(C 9 ) and (b) Re(C 9 ) and Re(C 10 ) for a single pseudoexperiment. The results from the direct fit method are given by the blue contours, the results from the determination using q 2 -binned angular observables are given by the green contours. The contours correspond to confidence levels of 68.3%, 90% and 95% for the solid, dashed and dotted lines, respectively. The SM values for the Wilson coefficients used in the generation are indicated by the grey dash-dotted lines.
in which we vary two Wilson coefficients simultaneously. First, we vary both Re(C 7 ) and Re(C 9 ), while keeping Re(C 10 ) fixed. The results are given in Tab. 8 in App. C. The simultaneous fit has a sensitivity of σ Re(C 7 ) = 0.0193 ± 0.0006 and σ Re(C 10 ) = 0.2130 ± 0.0068. In a second study we allow both Re(C 9 ) and Re(C 10 ) to vary, while fixing Re(C 7 ). Tab. 9 gives expected uncertainties of σ Re(C 9 ) = 0.1715 ± 0.0054 and σ Re(C 10 ) = 0.2054 ± 0.0065 in this case. In both cases, the pull distributions show that the fit is unbiased and the uncertainties are correctly estimated. Besides the Wilson coefficients, it is interesting to also study the expected sensitivities of the fit to the nuisance parameters. Theoretical constraints on theory nuisance parameters are included in the fit using Gaussian constraints as discussed in Sec. 3.2 and detailed in Tab. 2. If the expected uncertainty from the fit is significantly smaller than the Gaussian constraint this shows that the data is able to further constrain these parameters. This is particularly visible for the form factor parameters. Their uncertainties are significantly reduced through the q 2 -unbinned fit to the data. For the subleading corrections we observe a reduction in uncertainty at high q 2 compared to the Gaussian constraints. We however do not observe a significant reduction of uncertainty at low q 2 , which is due to the fact that the parameterisation of the subleading corrections affects only a part of the decay amplitudes as discussed in Sec. 3.2.
Comparison with the q 2 -binned method
To compare the performance of the direct fit with the conventional q 2 -binned approach the same 500 pseudoexperiments are split into bins of q 2 and maximum likelihood fits similar to Ref. [7] are performed to determine the angular observables in bins of q 2 . For the binned angular observables the P i basis is used, consisting of F L , P 1,2,3 and P 4,5,6,8 . The S i basis consisting of F L , A FB and S 3,4,5,7,8,9 gives consistent results. The q 2 binning is analogous to the binning used for the likelihood fit in Ref. [7] . To constrain the S-wave contribution, the m Kπ distribution is used in the angular fit. After the angular observables and their correlations are determined in bins of q 2 , a χ 2 -minimisation is performed, using the binned angular observables and their correlations as input. The EOS software package is used to provide the binned predictions from theory. We perform fits of the pseudoexperiment studied using the direct fit method in Sec. 4.2 determining pairs of Wilson coefficients. The resulting confidence regions are given by the green contours in Fig. 6 , indicating that the direct fit method allows a more precise determination of the Wilson coefficients than the q 2 -binned approach.
Subsequently, we study the full ensemble of pseudoexperiments and perform fits of the single Wilson coefficients Re(C 7 ), Re(C 9 ) and Re(C 10 ), while all other coefficients are fixed to their SM values. Detailed results are given in Tab. 5-7 in App. C. The q 2 -binned fit is shown to be unbiased and the parameter uncertainties are determined correctly. The sensitivities of the binned fit of single Wilson coefficients to Re(C 7 ), Re(C 9 ) and Re(C 10 ) are found to be σ Re(C 7 ) = 0.0159 ± 0.0005, σ Re(C 9 ) = 0.1610 ± 0.0051 and σ Re(C 10 ) = 0.2278 ± 0.0072, as summarised in Tab. 3b. The expected uncertainties from the q 2 -binned approach are therefore significantly larger than from the proposed direct fit method.
Direct fit method sensitivity rel. sens. [%] pull mean pull width Single Wilson coefficients Re(C 7 ) 0.0139 ± 0.0004 4.14 ± 0.13 0.03 ± 0.04 0.98 ± 0.03 Re(C 9 ) 0.1534 ± 0. We furthermore perform simultaneous fits of two Wilson coefficients using the q 2 -binned approach. The results of a simultaneous fit of Re(C 7 ) and Re(C 9 ) are given in Tab. 8 in App. C. The sensitivities found for the simultaneous fit of the Wilson coefficients are σ Re(C 7 ) = 0.0252±0.0008 and σ Re(C 9 ) = 0.2555±0.0081. Results for the simultaneous fit of Re(C 7 ) and Re(C 9 ) are given in Tab. 9. The expected uncertainties for the Wilson coefficients in this case are σ Re(C 9 ) = 0.1869 ± 0.0059 and σ Re(C 10 ) = 0.2663 ± 0.0085. As for the q 2 -unbinned approach, the binned fit method is unbiased and the uncertainties are correctly estimated. However, the uncertainties are significantly larger than the uncertainties achievable using the proposed direct fit method detailed in Sec. 4.3.
The binned method also allows to constrain nuisance parameters. Comparing the expected uncertainties of the form factor parameters with the Gaussian constraints listed in Tab. 2 shows a reduction of the uncertainties. However, the binned approach is less powerful in reducing the uncertainties than the direct fit of Wilson coefficients.
Conclusions
We present a method to determine the Wilson coefficients directly from a q 2 -unbinned fit of B 0 → K * 0 µ + µ − decays. This direct fit method uses all available experimental data on the decay, namely q 2 , the decay angles, the B 0 decay flavour, and m Kπ in a more efficient way than the conventional q 2 -binned approach. The method is validated and shown to be unbiased and to correctly determine the parameter uncertainties. In comparison with the conventional q 2 -binned method the direct fit method gives increased sensitivity to the physics parameters of interest, the Wilson coefficients. The q 2 -unbinned direct fit method is particularly useful for the simultaneous determination of pairs of Wilson coefficients where the different q 2 dependencies of the contributions can be exploited. The statistical uncertainties for the determination of pairs of Wilson coefficients in the direct fit approach are reduced by 8 − 23% compared to the q 2 -binned method, corresponding to an increase in signal yield of around 20 − 70%. In addition, theory nuisance parameters can be better constrained through the more efficient use of the data. An example are the form factor parameters that can be further constrained in the direct fit. We note that the parameterisation of non-factorisable contributions (including leading and power corrections) based on analyticity properties which was very recently proposed in Ref. [88] is possible within the direct fit approach and should be explored in future work. Furthermore, the direct fit method can also be applied to other b → s decays like B 0 s → φµ + µ − . In light of the advantages of the direct fit method we would encourage its use in future analyses of the decay B 0 → K * 0 µ + µ − at LHCb and Belle II. Publishing background subtracted and efficiency corrected data samples should also be discussed. A drawback of the direct fit method is that it depends on the calculation and assumptions for nuisance parameters used in the fit. It is thus crucial to continue to also determine and publish the q 2 -binned observables that are independent of theory considerations. [10] CMS collaboration, Measurement of the P 1 and P 5 angular parameters of the decay B 0 → K * 0 µ + µ − in proton-proton collisions at √ s = 8 TeV, 2017. CMS-PAS-BPH-15-008. Table 4 : Results from the direct fit method for a single pseudoexperiment varying (left) the Wilson coefficients Re(C 7 ) and Re(C 9 ) and (right) the Wilson coefficients Re(C 9 ) and Re(C 10 ). Background parameters are omitted for brevity. Results from the fit of a single pseudoexperiment varying the Wilson coefficients Re(C 9 ) and Re(C 10 ). Simulated events are overlaid with projections of the fitted PDF on q 2 , the three decay angles cos θ l , cos θ K and φ and m 2 Kπ in the q 2 range 0.1 < q 2 < 8.0 GeV 2 /c 4 . The simulated events and projections are shown for the signal region ±50 MeV/c 2 around the B 0 mass to enhance the signal fraction. The black solid line denotes the full PDF, the blue solid line the signal component. The blue dashed line gives the P-wave and the teal dotted line the S-wave part. The magenta dashdotted line finally gives the P-wave/S-wave interference and the red line the background contribution. and Re(C 10 ). Simulated events are overlaid with projections of the fitted PDF on q 2 , the three decay angles cos θ l , cos θ K and φ and m 2 Kπ in the q 2 range 15.0 < q 2 < 19.0 GeV 2 /c 4 . The simulated events and projections are shown for the signal region ±50 MeV/c 2 around the B 0 mass to enhance the signal fraction. The black solid line denotes the full PDF, the blue solid line the signal component. The blue dashed line gives the P-wave and the teal dotted line the S-wave part. The magenta dash-dotted line finally gives the P-wave/S-wave interference and the red line the background contribution. We note again that the q 2 distribution in the high q 2 region is only shown for illustration, as it is not used in the direct fit method. Table 5 : Results from pseudoexperiments determining Re(C 7 ) using (left) the proposed direct fit method and (right) the q 2 -binned approach. Table 6 : Results from pseudoexperiments determining Re(C 9 ) using (left) the proposed direct fit method and (right) the q 2 -binned approach. Table 7 : Results from pseudoexperiments determining Re(C 10 ) using (left) the proposed direct fit method and (right) the q 2 -binned approach. 0.0631 ± 0.0020 −0.05 ± 0.05 1.02 ± 0.03 Table 9 : Results from pseudoexperiments determining Re(C 9 ) and Re(C 10 ) using (left) the proposed direct fit method and (right) the q 2 -binned approach.
B Projections of the probability density function
